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ABSTRAC’I

CMOSactive  pixel se~Isors (AI' S)allow  tlleflexibility  ofplacing  sigrlal processir~g circllitry ontheirllagitlg  focal plane. l’he
multircsolution CMOS AI’S  can perform block averaging, on-chip to eliminate the off-chip software intensive image
processing. Ibis 128 x 128 APS array earl be read out at any user-defined resolution by configuringa  set of digital shifl
registers. l’hc full resolution frarnerate  is 30 llz with higher rates for all other image resolutions. ‘

1. IN’1’RO1)UC1’ION

For a variety of image processing tasks, such as biological vision  modeling, stereo range finding, pattern recognition, target
tracking, and progressive transmission of compressed inlagcs, it is desirable to have image data available at varying
molutions to increase processing speed and efficiency. ~ he user can then obtain a frame of data at the lowest resolution
necessary for the task at hand and eliminate unnecessary processing steps. T’hc mu[tiresolution  i]na:e  data is usually
generated through an image pyramid approach, and has hem used extensively in recent years [ 1 -4]. ‘1’ypically each image
level is a low-pass filtered and down sampled version of the prior level, although block averaging and clown sampling can
also be used to generate the pyramid [5]. With the cxceptio!l of a single l~oll-progral~~l~lablc digital chip developed by Samoff
[6], there is no existing or proposed hardware for the image pyramiding task. in software, construction of the multiresolution
pyl-amid  is often the most computationally intensive and time cor~suming, portion of the inla~c processing task. l’or
applications where power consumption is of concern, the power consumed by the processor while performing this task can
bc critical. I’hese problems become especially severe for imase processing tasks performed on large format imagers  (e.g.
1024 x 1024) that arc read out at video rates (30 fran~cskecond).
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F’igure 1. (a) Progrrwnnmblc nlultircsolv[ion  CA40,f’ active pi,rel sensor urchitccture (b) e.mrnple  of collimn ’s
jimc[iond  corrrgmation for 3x3 block ovcwging.
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CMOS active pixel sensor architectures (};igure 1a) allow x-y addressability  of the array for windows of interest and sparse
sampling readout of tllc arrays, Sparse sampling the array, for example, by reading out every fourth pixel of every fourth
row reduces the amount of image data by a factor of 1/16 hut introduces aliasing into the image. By block averaging rcg,ions
of the array and reading out this average (P’igure lb), data reduction is achieved without aliasing effects.

I’he multiresolution CMOS APS is a 128 x 128 photogatc  array that is programmable to readout any siy,e n by n block of
pixels or kernel. Iiach kernel value
represents the average of all the pixel
values in its region. Averaging is done
in the column readout circuitry so that
the average value is based on a full
resolution image. LJsirlg the sensor’s x-y
aclclrcssabilit y and programmable
resolution, the user can readout a
window of interest at various resolutions
(f igure  2) .  I)etails of  the sensor
operation are discussed in section 2.
Section 3 presents the test results from
fabricated chip.
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F’iglwe 2, Sen,vor x-y ddtwssahility  ancl tnultiresolution  readout allows the
user to zootn inlo m area of interest wi[h increased revolution.

2. DILSIGN  ANJ)  O1’1L1{A”I’1ON

2.1 I)csign  overview

‘1’he  sensor contains a 128 x 128 photo-gate pixel array similar to [8]. At the bottom of each column in the array is a network
of capacitors to store pixel reset and signal levels. The colrrntn circuitry also contains an additional capacitor and a set of
switches to the adjacent column to perform averaging on any size scluare army of pixels callccl a kernel (rectangular kernels
arc also possible). Resolution of the sensor is set by the size of the kernel. 1,argc kernels sires are set for low resolution
irna~ing  requirements. The X-Y addressability of the sensor allows the user to zoom into areas of interest,

l’igure 3 shows a block diagram of the sensor. A decoder at tllc side of the
array selects a row of pixels for readout, Each pixel is colktrolled by a
photo-gate signal enabling readout of integrated charge, a reset signal, and
select signal to enable the buffered pixel data to drive the column output
line. Column parallel circuitry at the bottom of the ariay samples the
adclrcsscd  row of pixel clata simultaneously. l’he kernel size clctermincs
how a set of shift resisters  in the column circuits arc confr:ured. l’hcsc
shift registers control how the columns containing stored readout data arc
averagcci ancl where the averaged row data is stored for subsequent
processing. A second decoder at the bottom of the array controls which
columns containing the processed data are readout. ‘1’hc sensor’s
differential output circuitry performs correlated double sarl}pling(CDS)  and
cioublc-delta sampling (1)1)S) to suppress pixel kT’C noise, I/f nc)isc, and
fixed pattern nc)ise9.

Row pixel data is reacl onto a column averaging capacitor with switches to
its neighboring columns that are subsequently enabled resulting in
averaged column data for that row (tlgurc3).  Averaged column data for
that row is storeci on a second bank of capacitors in one of the columns of
the kernel. I)ata from successively readout rows is slorcd in each of the
r-crnainin~  columns in the kernel. ,%ift registers in the readout circuitry are
config,urcd  according to kernel size to determine which switches arc
enabled to perform averaging and where the averaged column data is storecl.
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Once all n rows of t}w kernel are read, they are averaged by connecting the second bank of capacitors together and mixing
the c}large.  A shift register configured to enable dummy swilcbes usecl to correct for switch fccdthrough  effects is also
incluc]cd. Both reset and signal Icvels arc processed for a kernel so that correlated double sampling and double-delta
sampling operations can be performed.

col(j-2) Col(j-1) Col(’j) col@ 1)
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Figure 4. !dmls wiich and caj>acitor  tnode~fh-  6 cojutnn.r  con~gured for 3x3 block averaging.

C)pcration will be illustrated by stepping through the scqucncc for 3 x 3 block (kernel) averaging (figure 4). In this case,
every third column average (CA) switch is open (i.e. deselected, denoted by bit O over the switch), while the other switches
arc closed (i.e. selected, denoted by bit 1 over the switch). f’ixel signals arc sampled onto the column averaging capacitors
by globally pulsing (closing) the sigrral select switches (S). Charge redistributes such that the voltage on each capacitor in
each block ofthrec  capacitors is the same:

Vi kcr = l/n~Vj-k

k= I

where n is the horizontal si?.c (number of columns) of the block average (kernel), Vj.k  the pixel voltap,c value of the (j-k)th
column, and Vi-ker  is the average value for the ith row in the kernel. These kernel row averages are tbcn sampled onto the
first capacitor in the n-capacitor block of the row averaging b:ink of capacitors. Column averaging is repeated with the next
pixel row (i-l 1 ) and these t]cw V(il ~)ke, kernel avera~,es are sanlpled onto t}lc second capacitor in the n-capacitor blocks of the
row averaging, bank of capacitors. The process is repeated until all n rows have been processed and n samples hrrve been
collected in n adjacent capacitors in the row averaging bank. ‘l’he temporal switching seclucnce(digita] pattern) is shown for
the 3x3 kernel case (figure 4). After the n-sanlples  (Vi, Vi, l,... Vi+(n))))  have been collected, charge  is I-edistributcd by Puising
the row averaging (l<A)  switches with the same pattern used for the column averaging, switches, resulting, in the final block
avera~,c:

where m is the ver-tical  size (number of rows) in the kernel. I’he constant factor of 1/2 arises from charge s}~aring  between
the column and row averaging capacitors when the column average is samplecl onto the row averaging capacitor. l’hus for
the first 3x3 kernel:

Vkero  ‘ l/2{1/3[1/3(vo>o  , ,-1  VO, +- V02) -i l/3(v, o-t v,, + V,2) + l/3(v2,0”l V21-} V22)]}

I’hese kernel values are therr scanned out of the array by reading out every nth capacitor in the row average bank. ‘l’he row
averaging capacitors arc then reset (circuitry not shown) and the process is rcpcateci to generate the next row of kernels.



Note that in the configuration described above, kernels rnus( be either square or reclangu]ar,  where the number of rows must
be less than or equal to the number of columns.
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2.2 Column proccssiug circuitry >

Shown in figure 5 is the column parallel circuitry for 3 columns. II shows the sample ancj hold capacitors for both pixel reset
and signal values.  ‘l’he second bank of capacitors is for storing the reset level afle ~ts,keen  averaged on the first bank of
capacitors. I’he third bank is for storing the averaged signal level. 1‘1’he kernel reset wftch to ground is shown as well as the
column buffer amplifier for generating VoutR and VoutS. I’he buffer amplifier is only enabled when the column is selected
for readout.

‘1’hc digital patterns shown are an exrrmple of the timing for a 3 x 3 kernel. I’hey  are generated by gating the output of the
configuration shift registers and the timing signals shown in Iigurt  5. I’hc global timing signals are CA (enable column
averaging), RA (enable row averaging), VS (sample signal onto row averaging capacitor), and VR (sample reset onto row
averaging capacitor). Each of these global signals is galed with the output of one of the two configuration shift registers.
‘]’hc CA and RA signal are gated with the output of the same shift register (CARA shifl register), The VS and VI< signals are
gatcd with the output of the second shift register (VSVR shift register).
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fi’igr~re  5. A4ul(ircsolr~(iotl columt] processitlg cirmi[ryfor  3 columns.

“llc  Transistor Icvel schematic oftbe column circuit is shown in figure 6. I’he signals CAi,  I<Ai, VSi, and VI<i arc the olltptlts
from the corresponding global signals gatcd with the shift Ieg,ister output bit for that column. ‘1’he buffer amplifier is a p
channel source follower. Tbe Cf] signal is part of the double delta sampling readout scheme as reported in [9] used to
reduce column fixed pattern noise.
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F’igurp 6. lkansi.q!or  level schetnutic  ofcolutn)~ circuit, Capuci[or,v  are poly-dlfjl.qion linear capacitors.

3, ItXI)ltllI  hlIJN1’AI,  lllIXIJ1/1’S

“1’hc  sensor  was fabricatedthrough  MOSIS  inthe}ll’ 1.2 pm tl-well CMOS process.
‘1’he  12S x 128 photo:  ate sensor has a

pixel pitch of24~Lnl. ‘I’hetotal chip sizeis4.8111nlx 6.61 []1rl(FigLrre  10).
‘J’able 1 ]istsson~co  ftheserlso  rcl~aracteristics for

full rresolutior~  operation.

E’igure  7 shows a full resolution image ofa test pattern used to ciemonstratetl]e sensor’s block averaging. Figure 8b shows

J’igutw 7. Sensor ‘Lrfi!ll resolution itnflge (128X128)

tl]esar~~c irl]age fortl]e  sensor operating ir]asub-sarl~p!  ir~g, r~lode\v}lere every fotlrth  co] Lrlllnof  every foLlrtllrow is read with
no avera:,  in.g. llecause  the test target contains relatively hi@ spatial frequency patterns, the sub-sarllpled ima:,e produces



dramatic aliasing. Comparing this 32x32 image with the full resolution 128x 128 image shows the appearance of both fewer
stripes and diagonal stripes rather than parallel stripes relative to the edge of the square. I’he 32x32 inla~e with 4x4 kernel
avwaging  (figure 8a) reduces this effect because the pixel array is read at full resolution and subsequently averaged.

‘1’o measure how well the multiresolution sensor performs
averaging, a test pattern containing a black and white
stripe was imaged. I’he black white edge (defocused)
was positioned so that half the pixels in the kernels on the
edge are black. I’bus, the sensor output of the kernels
ali~ned on top of the edge ideally should equal one-half
of the difference between the totally white and black
pixels. lo measure the individual pixels in the kernel,
subsampled data was first measured, Based on this
suhsampled raw image data, block averages were
calculated for the pat[ern. ‘l’his data was compared to the
multiresolution sensor’s output at different kernel sizes.

An example of the sensor’s output for one of the rows is

J’igure &I. 4x4 block
averaged image

J’igure 8b. 1/4 subsampled
image (ncj averaging)

shown in figure 9 where the sensor’s full resolution row data and 4x4 kernel output data are shown. ‘l’he row shown (figure
9a) is 1 of 4 rows used to calculate the average from the full [csolution image for comparison with the on-chip 4x4 kernel
average, ~~i~trre  9b i]l~rstrates  the 4x4 kernel producing an output voltage at the average value of the fOLlr pixels at tt~c black-
white-stripe-edge (pixels in columns 6S-68).
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Imap,edata for 2x2., 4x4, and 8x8 kernel si~es were acquired for this test pattern, Analysis of kernel data for the entire frame
versus the off-chip block average data based on full resolution da(a shows that t}le sensor is accurate to within 2% of the ideal
average value. ‘l’he use of dummy switches for switch fecd[hrough cornpcns:ition clid not have a significant effect of the
averaging, accuracy.



“l’able 1 lists the results from sensor characterization tests similar to those described in [9]. I’hc sensor exhibited very low
fixed pattern noise and dissipated very little power. Overhead for performing on-chip block averaging is a small percentage
of the sensor readout time and total power consumption. For lower resolutions the frame rate increase above 30 117 is
approximately proportional to the number of pixels, n x n, in the kernel.

E:::$?::Read Noise (foil resolution)

PGwer@]30}17.  frame rate

3 mv  p-p (().25~0 of saturation)

7able 1. .%nsor Characteristics

figure 10. Photograph of completed Programtuabie  Multiresolution  A P,? (1 28x1 2A’ array)

4. SLJMMARY

‘l’he multiresolution  sensor demonstrates the versatility of CMOS active pixel image scr~sors. On-chip column circuitry
~~crforl]~s  block averaging Llsi~~g progral~~l~]ablc kert~ci si~es.l 'lieir~~ageso  fGeorgeW  as}~illgtotli tlfiSLtrc 11 from a dollar bill
illlistratc the sensor’s mttltiresolution ability. Shown are images at full resolution, 2x2, 4x4, and 8x8 kernel configurations.



I’he accuracy of averaging is within 2% of the average calculated from full resolution image data. With power consumption
as low as 5 n]W and 30 }Iz minimum frame rate operation for any resolution, this programmable multiresolution sensor can
si~nificant]y  reduce camera system complexity and power where multiresolution  image processing is required.

a) b) c) d)

]igure  I]. l’t-ogratntnablc rmltiresohttion  sensor ou@vt for a) .fitll resolution, b) 2x2, C) 4x~, anc~ 4 ~x8 ker}?~?l c~n~sllrcl(ion.~
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